A reduction in FRC following induction of anaesthesia occurs in normal subjects [1] . However, little is known of variations in FRC in morbidly obese patients undergoing general anaesthesia. Don and colleagues [2] described a negative relationship between FRC during anaesthesia (expressed as percent of preanaesthesia values) and the weight: height ratio. This relationship predicts a marked decrease in FRC for obese patients, but in morbidly obese patients investigated before and after induction of general anaesthesia a reduction in FRC was found lower than that observed in patients of normal weight [3] .
A reduction in FRC following induction of anaesthesia occurs in normal subjects [1] . However, little is known of variations in FRC in morbidly obese patients undergoing general anaesthesia. Don and colleagues [2] described a negative relationship between FRC during anaesthesia (expressed as percent of preanaesthesia values) and the weight: height ratio. This relationship predicts a marked decrease in FRC for obese patients, but in morbidly obese patients investigated before and after induction of general anaesthesia a reduction in FRC was found lower than that observed in patients of normal weight [3] .
The present study has investigated the effect of general anaesthesia and muscle paralysis on FRC (as measured by the helium dilution technique) in obese patients; FRC changes produced by laparotomy were also investigated.
PATIENTS AND METHODS
Eighteen normocapnic morbidly obese patients (group A) of mean weight 152 kg (table I) undergoing jejunoileal bypass surgery were studied after informed consent had been obtained. The day before anaesthesia respiratory function tests were performed, including FRC, RV, VC and FEVi, m the supine position. Measurement of FRC was also undertaken at 5 min before and after induction of anaesthesia and after the laparotomy incision (approximately 20 min after induction of anaesthesia). FRC was measured also in seven of these patients during anaesthesia, full muscle paralysis and mechanical ventilation, after the skin incision was closed (approximately 3.5 h after induction of anaesthesia).
Twelve additional patients were studied (group B: mean weight 127 kg (table I)), although measurements were confined to determination of FRC immediately before and after induction of anaesthesia.
In all patients, after premedication with atropine 0.5 mg i.m. and methadone 10 mg i.m., anaesthesia was induced with thiopentone 5 mg kg" 1 i.v., neuromuscular blockade was produced with suxamethonium 1 mg kg" 1 and tracheal intubation performed under direct laryngoscopy. Anaesthesia was maintained with fentanyl 3.5 ug kg" 1 and droperidol 50 ug kg" 1 . Maintenance of neuromuscular blockade was with pancuronium 0.04 mg kg" 1 first bolus and 0.015 mg kg" 1 every 30 min. Enflurane 1% and 50 % nitrous oxide were added to the inspired gas mixture only after completion of the FRC measurements following laparotomy in order to avoid interference with the helium analyser [4] . After skin closure 30 min was allowed to elapse after discontinuing nitrous oxide and enflurane before FRC was measured again. The patient's lungs were ventilated mechanically using a Kontron ABT 4100 ventilator and non-rebreathing system, with a tidal volume of approximately 7 ml kg" l (equivalent to 14.7 + 4 ml kg" 1 if body weight were ideal), ventilatory rate of 16 b.p.m. and an Fi Oi of 0.5 throughout the procedure.
FRC measurement
FRC measurements in duplicate were obtained in the supine position on the day before anaesthesia, using classic closed-circut helium dilution method and also with a simplified technique [5] .
The simplified method comprised an anaesthesia bag filled with 2 litre of a gas mixture consisting of 13 % helium in oxygen; the bag was connected to the lungs at the end of expiration and 15 deep manual ventilations performed. The final helium concentration (He fln ) in the anaesthesia bag was measured with a helium analyser and FRC computed according to the formula:
Where V t is the initial gas volume in the anaesthesia bag, and Hei and He, ln are the initial and final helium concentrations, respectively, in the anaesthesia bag.
The simplified method was used for all subsequent FRC measurements.
Statistics and computation
The ideal body weight was obtained from the Build study tables [6] . The extent of obesity was standardized using the body mass index (BMI, kg m~2) obtained by dividing the weight by the (height) Results are expressed as mean±SD. Analysis of the results was made using Student's t test for paired data and least squares regression analysis as required. A probability value of less than 0.05 was considered significant.
RESULTS
In both groups FRC decreased by 51 % after induction of anaesthesia and muscle paralysis: from 2.2 ±0.8 litre to 1.0 ±0.3 litre (P < 0.01).
There were no differences in FRC reduction between smokers and non-smokers and between males and females. The "Don equation", derived originally from patients of normal weight, did not predict the data in our morbidly obese patients (predicted FRC anaesthesia: FRC preanaesthesia ratio -2.7 + 26%). However, we found a positive correlation between the FRC anaesthesia: FRC preanaesthesia ratio and BMI (P < 0.01). 
FIG. 1. Changes in FRC (#) throughout the study in group A (obese patient). The preoperative residual volume (D) is
presented also for reference. Events: 1 = before induction, 2= after induction of anaesthesia and paralysis; 3 = after laparotomy incision; 4 = after skin incision closure, ft P < 0.01 compared with 1; **P < 0.01 compared with 2.
The decrease in FRC after induction of anaesthesia (FRC preanaesthesia -FRC after anaesthesia) correlated strongly with the preanaesthesia FRC values (P < 0.01). Immediately after anaesthesia, FRC decreased to values lower (P < 0.01) than the initial value for RV (0.84 + 0.6 litre less than the baseline RV).
The FRC reduction after anaesthesia was related to the VC (P < 0.01) and to the preanaesthesia FRC (P < 0.01) as observed in the overall population. However, following laparotomy incision, FRC returned to values (1.8 + 0.8 litre) not significantly different from baseline.
After closure of the skin incision, FRC in seven patients during anaesthesia, full muscle paralysis and artificial ventilation was reduced (1.2 + 0.4 litre in comparison with their preanaesthesia FRC values (P<0.01). FRC measurements of different phases of the study are presented for both groups in table III and summarized for group A in figure 1 , where RV values in supine position are also presented for reference.
DISCUSSION
We have found in morbidly obese patients that FRC decreased after induction of anaesthesia, to approximately 50% of preanaesthesia values.
A marked decrease in FRC after anaesthesia was predicted for obese patients [2] . However, our data suggest that the reduction in FRC after anaesthesia is relatively greater in obese than normal weight patients. Thus the equation described by Don and colleagues [2] to predict the reduction in FRC produced by anaesthesia cannot be applied to the obese population.
In agreement with previous studies, we have found that the reduction in FRC and VC occurred as a result of variable decreases in expiratory reserve and inspiratory reserve volumes. In morbidly obese patients in the supine position, the chest wall system is less compliant than normal, causing a decrease in total respiratory compliance [7] .
It is likely that the patients with larger FRC and VC volumes before anaesthesia are those in whom the ventilatory muscles counteract more efficiently the encroachment on FRC. Removal of ventilatory muscle tone by anaesthesia and muscle paralysis, therefore, may cause a larger decrease in FRC.
While the FRC does not vary during the course of laparotomy in normal weight subjects [8, 9] , we observed a significant increase in FRC (almost back to preanaesthesia values) following the laparotomy incision. Appelgren, Panuska and Tsueda [10] have demonstrated a caudal displacement of the diaphragm after laparotomy in morbidly obese patients. A cranial shift of the diaphragm has been identified as a main factor causing reduction in FRC after induction of anaesthesia in normal weight patients [11] .
In a previous study of 10 obese subjects undergoing anaesthesia, a reduction in FRC was found of only 10% [3] ; however, it is not clear in this study if the FRC measurement (20 min after induction of anaesthesia) was obtained before or after the laparotomy incision. If the latter were the case, the difference between their data and those of the present study (obtained before laparotomy incision) may be explained.
The reduction in FRC occurring after induction to values less than the pre-anaesthesia RV is striking. Since RV represents the minimum volume that the chest wall-diaphragm system may reach, a further reduction in lung volume may be explained by a fluid (blood ?) shift into the thorax [12] ; compression of the vena cava has been described as a possible mechanism for such a shift of blood. If so, laparotomy incision may decrease the extent of vena caval compression and partially reverse this shift of blood.
The reduction in FRC to values below RV is not related to the method of FRC measurement, since Westbrook and co-workers [13] described this phenomenon in one of three anaesthetized subjects, using a volume displacement body plethysmograph. Also, Ford and others [14] , studying 15 surgical patients in the postoperative period, found a reduction in FRC to values below the preoperative RV in three overweight patients.
It is known that airway closure may trap gas behind, thus sequestering a portion of lung volume from measurement by inert gas dilution. Should airway closure increase during anaesthesia, the FRC may be underestimated. However, the simplified method of' measurement of FRC we have used provides large manually induced tidal volumes that should prevent gas trapping [8] . Furthermore, in the present study, FRC returned almost to baseline values after the laparotomy incision, suggesting that mechanisms other than gas trapping account for the observed reduction in FRC.
We conclude that, in obese patients in the supine position, FRC is reduced dramatically during general anaesthesia with muscle paralysis and mechanical ventilation, as a result of craniad shift of the diaphragm. We also speculate that further reduction in lung volume is probably caused by shift of blood into the thorax.
In view of the very low FRC reached after induction of anaesthesia in our obese patients, we suggest that the period of apnoea accompanying intubation is particularly hazardous and may account for some anaesthesia accidents reported in these patients [15] . We therefore support the suggestion [16] that intubation should be performed before induction of anaesthesia if possible.
